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Vascular counter-current systems in which the vessels are of capillary dimen-

sions have been described for the mammalian kidney, the swimbladder of teleost

fish (Woodland, 1911; Harden Jones and Marshall, 1953), and the choroid layer

subtending the retina of the fish eye. Albers (1806) was the first to show that

the large, horseshoe-shaped body in the choroidal layer of the eye of fish was
neither a muscle nor a gland as was then supposed but an aggregation of small

blood vessels. These vessels originate from a branch of the ophthalmic artery and

their outflow supplies the choriocapillaris, the dense capillary bed underlying the

retina (Miiller, 1839; Jones, 1838). Miiller (1839) pointed out that all the blood

to the choroidal vessels had first to pass through the pseudobranch. Allen (1905)

injected the vessels of the choroidal circulation and later (1949) gave a detailed

account of them. He pointed out that the blood flowing to the eye in the ophthalmic

artery is oxygenated at the gills and, in many species, again comes in contact with

sea water at the pseudobranch. Jones (1838) introduced the now preferred name
for the choroidal vascular structure the choroid rete mirabile.

Barnett (1951) gives by far the most detailed description of the choroidal circu-

lation. It is based on dissection of injected preparations and on serial sections of

whole eyeballs or whole heads. Johannes Miiller (1839), Richard Owen (1836)
and T. Wharton Jones (1838) had each recognized that the arterial and venous

capillaries making up the choroid rete mirabile are arrayed in parallel. It remained

for Barnett (1951) to realize that the arterial and venous blood streams flow

counter-current one to another in the capillaries of the choroid rete mirabile. In

addition to the choroid rete mirabile, Barnett (1951) describes a similar, smaller

structure, the lentiform body, also supplying blood to the choriocapillaris.

It appeared to us that the pigment cell epithelial layer of the retina is at least

formally analogous to the gas gland of the swimbladder (Wittenberg and Witten-

berg, 1962). These relations are diagrammed in Figure 1. In each instance a

capillary counter-current organ, a rete mirabile, supplies arterial blood to a capillary

network, underlying an epithelial layer, respectively the pigment cell layer of the

retina and the gas gland of the swimbladder, and in turn receives the venous out-

flow from these capillaries. The structural resemblance between the swimbladder
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and the choroid retia suggest to us that their functions may be similar, and that

the choroid rete mirabile-pigment cell layer complex may serve to create a large

pressure of dissolved oxygen behind the retina, providing a pressure for diffusion

to supply the vigorous oxygen demand of the avascular retina. We searched for

and found large oxygen pressures in the vitreous humor, near the retina of the

fish eye (Wittenberg and Wittenberg, 1962), an observation confirmed by Fair-

banks, Hoffert and Fromm (1969).

In the present communication we present a more full account of these findings,

and examine quantitatively the way in which the structure of the choroid rete

mirabile is adapted to provide a large flow of oxygen toward the retina. We de-

scribe the structure of the choroid rete mirabile of the holostean, Amia calva, and

amplify Barnett's (1951) description of the choroid rete of teleosts. Elsewhere

Lumen

Gas gland

Rete mirabile

A

Retina

Pigment cell

epithelium

SWIM BLADDER EYE

FIGURE 1. Diagram comparing the oxygen-secreting complexes of the

eye and the swimbladder of fish.

the distribution of the choroid rete mirabile among fishes and its relation to the

pseudobranch is considered (Wittenberg and Haedrich, 1974).

MATERIALS AND METHODS
Animals

Most of the marine fish used in this study were captured in a fish trap main-

tained by the Marine Biological Laboratories, Woods Hole, Massachusetts. Some
were caught in pots or on hand lines. Cod were the gift of Mr. Charles Wheeler,
Bureau of Fisheries, Woods Hole, Massachusetts. Specimens of A in in (.hnia

calva) (used for anatomical studies) were the gift of Mr. William A. Lemberger,
Oshkosh, Wisconsin. Specimens of Aniia and gars (Lepisostidae) (used for mea-

surement of ocular pO-2 ) were captured by Dr. D. Eugene Copeland, Tulane Uni-

versity, New Orleans. Anatomical studies were made of the eyes of cod (Gadits

morhua), bluefish (Pomatomus saltairi.r) and of the holostean, Amia calva.
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and injection preparations

Histological sections were prepared from eyes fixed in Benin's solution. Blood

vessels were injected through the ophthalmic artery or vein with Indian ink in

7% gelatin, with yellow lead chromate in 7% gelatin, or with neoprene latex. In-

jected preparations were fixed in acid formaldehyde (formalin, 10 volumes, glacial

acetic acid, 5 volumes, water to 100 volumes) and were transferred to 70% ethanol

for dissection or were cleared and dissected in benzyl benzoate.

Measurements of dimensions of the retia or of intraretinal distances were
made with a calibrated ocular micrometer. All measurements are referred to

tissue fixed in Bouin's solution and measured in 70% ethanol. Measurements of

histological sections are corrected for 22% linear shrinkage. Each set of data

given in Table IV is for an individual animal. An additional specimen of each

species was examined with similar results. The eels were of average size, 1-2 Ib ;

the conger was of modest size, about 10 Ib ; the swordfish weighed 160 Ib dressed,

which is not large ;
and bluefin tuna weighed about 150 Ib.

Oxygen pressure in the eye

Oxygen pressure was measured with an oxygen sensing electrode mounted in

the tip of an 18-gauge hypodermic needle (Beckman Spinco Division, No. 161-950

Oxygen micro-electrode). The electrode current was measured with a Keithly
model 600A, battery-operated electrometer, or with a Beckman model 160 oxygen

analyzer. Calibration was with air equilibrated water and with a solution of zero

oxygen pressure (buffered 5% glucose containing glucose oxidase and catalase).

The electrode was introduced into the front of the eye passing between the lens

and iris into the vitreous humor. Most measurements were made with the sensing

tip of the electrode in the vitreous humor immediately in front of the retina.

Measurements of tissue oxygen pressure made with oxygen electrodes are sub-

ject to a number of errors due to inhomogeneity of the tissue and occlusion of

capillary blood flow at the electrode tip. The measurements reported here are

free from these difficulties. The readings were stable with time and, since the

diffusion coefficient of oxygen in a material as fluid as the vitreous humor is

scarcely different from that in water, should correspond closely to the true oxygen

pressure. If the tip of the electrode chanced to be pushed against the retina, the

apparent oxygen pressure dropped immediately, suggesting that the circulation

was occluded locally. Further validation of the use of the oxygen electrode comes

from the work of Jacobi and Driest (1965 ), who found, as expected, that the mea-

sured oxygen pressure of the vitreous of the rabbit eye increased as the electrode

was moved closer to the source of the oxygen at the vascular retina.

Measurements on marine fish were made on living fish with a current of sea

water passing over the gills. Measurements on the freshwater fish, gars and

Amla, were made on living animals restrained and submerged in the water of the

bayou.
Gars (spotted gar, Lcpisostens ocitlatits and alligator gar, L. spatula) and Amla

were seined from a shallow bayou near Lake Penchant in the Mississippi River

delta. Measurements were made immediately as the fish were brought to the

surface so that measurements on gars and on Amla are interspersed. During the
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TABLE I

Oxygen partial pressure in the eyes of fish

Species
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until deep anesthesia was achieved. Birds were anesthetized with ether. The
animals were sacrificed without recovery from anesthesia.

RESULTS AND DISCUSSION

Very large pressures of oxygen were found in the eyes of some fish, Tahle I.

A variety of bottom-living marine fishes, sea robins, fluke, puffer and scup and

two pelagic fishes, jack and menhaden, exhibited oxygen pressures in the vitreous

humor ranging from 250 to 800 mmHg. The oxygen pressure in the eye of trout

living in fresh water (data of Fairbanks ct al, 1969) falls within this range. These

pressures should be compared to the oxygen pressure of arterial blood, which is

presumably close to that of the ambient water, 155 mmHg, and in trout is 85 mm

TABLE II

Oxygen pressure in the eyes of individual gars and Amia.

Species

Oxygen pressure

Right eye Left eye
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by comparison of species in which the rete is small or lacking with those in which

it is large. We have examined six species which lack choroid retia. Of these

two, eel and conger are teleosts
; three, sting ray, skate and smooth dogfish, are

elasmobranchs ; and one, the gar, is a holostean. All exhibit low oxygen pressures

(10-30 mmHg) in the vitreous humor. The goosefish and toadfish depend in

part on chemical or tactile senses to find their food. The choroid rete of these

species is minute, and the oxygen pressure in the vitreous is correspondingly low,

scarcely exceeding the probably venous oxygen pressure. Two bottom-living

teleosts, sea bass and tautog, have relatively small choroid retia and exhibit oxygen
pressures in the vitreous not too different from air. Teleosts with larger choroid

retia exhibit correspondingly larger oxygen pressures in the vitreous. The ob-

served correlation between the measured oxygen pressure and the extent to which
the choroid rete is developed suggests that the rete plays an essential part in estab-

lishing the large oxygen pressure at the retina.

TABLE III

Oxygen pressure in eyes of some vertebrates

Species
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FIGURE 2. Choroid rete mirahile of the cod. Riijht eye viewed from inside the orhit. The

right half shows the ophthalmic venous sinus and its drainage. On the left, the venous
structures are dissected away to show the arteries.

collected in Table III, show only low pressures close to those expected of venous

blood.

"\Ye now describe the anatomical relations of the teleost choroid rete mirabile.

The choroid rete mirabile lies within the eyeball in the choroidal layer exterior

to the retina and separated from the sclera by membranes which may, in different

species, be laden with fat, or thin and unpigmented. or highly reflective and silvery,

or intensely black. Silvery or black membranes may lie between the rete and the

choriocapillaris (Denton, Liddicoat and Taylor, 1970). The rete itself is not

pigmented. It has the shape of a horseshoe, with the open end oriented ventrally

(Fig. 2) or, particularly in species in which the rete is large, anteriorly (Fig. 3).

In species such as the bluensh in which the rete is large, the eye may lose its simple
oblate shape and the sclera may bulge conspicuously to accommodate the bulk of

the rete. There is no strong attachment of the rete to structures other than blood

vessels in the interior of the eye. Figure 2 portrays the disposition of the choroid

rete mirabile within the eye of a codfish viewed from inside the orbit. In this

view the counter-current capillaries and small vessels are arrayed nearly normal

to the plane of the paper and are hidden from view by the overlying ophthalmic
venous sinus.

The ophthalmic artery pierces the sclera posterior, dorsal and close to the

optic nerve, and passes into the ophthalmic venous sinus that forms the inner
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border of the choroid rete. Therein it divides into two branches, each supplying
a limb of the rete. These branches may ramify into subsidiary branches running
toward the rete proper as in the cod (Fig. 2) ; or they may be closely applied to

the base of the capillaries and there arborize into stubby twigs at right angles to

the main branch, as in bluefish (Fig.3). In either case, the arterial capillaries

of the rete mirabile proper arise abruptly and almost directly from the thick-walled

arteries (Fig. 4). The arteries run submerged in the ophthalmic venous sinus

(Figs. 3 and 4).

The arterial retial capillaries coalesce to form a bed of intermediate arterial

vessels which in turn coalesce into the arterial vessels supplying the choriocapillaris.

These intermediate vessels are by no means a negligible part of the structure. In

Figure 4 we attempt to show them in true proportion; their aggregate volume must

exceed considerably the aggregate volume of the capillary vessels of the rete proper.
In some larger fishes, most conspicuously in the gempylid, Lepidocybium flavo-

hrunncinn, but also in many others, the rete proper is only a thin sheet capping an

enormous, tangled but roughly parallel array of coarse intermediate vessels filling

much of the back of the eye, suggesting a mass of spaghetti.

The efferent arteries break up into fine arteries in the vascular laver underlying
the retina ( Fig. 4), and these arteries in turn supply the capillaries of the chorio-

capillaris. Ordinarily these vessels are as small as they are portrayed in Figure

Ophthalmic venous sinus

Ophthalmic artery

Ophthalmic vein

Optic nerve

Ventral choroidal vein

Choroid rete mirabile

FIGURE 3. Choroid rete mirable of the bluefish. Right eye viewed from inside the orbit. The

ophthalmic venous sinus is shown largely removed to display the underlying arteries.
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Blood vessels to choriocapillaris

Retina

FIGURE 4. Semidiagrammatic representation of the choroid rete mirabile of the bluefisli

seen in longitudinal section. For clarity the size of the capillaries is exaggerated. The insert

places the choroid rete in relation to the optic nerve and retina.

4. In the swordfish (Xiphias glad ins), these vessels elahorate to form a hexagonal
mesh of confluent vessels of rather large caliber (approximately 0.5 mmdiameter )

underlying the entire choriocapillaris and supplying it with blood by way of fine

sprigs arising directly from the coarse vessels. The volume of blood contained

in these vessels of the swordfish and in the intermediate arterial vessels noted in

Lcpidocybinin must be large. Possibly it serves as a mobile reservoir of heat,
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generated metabolically and conserved within the eye by the action of the choroid

rete mirabile. In some species a carotid rete such as that described for the tuna

by Linthicum and Carey (1972) may act in consort with the choroid rete as a

barrier to heat loss. Some larger fish do maintain a high retinal temperature

(Linthicum and Carey, 1972). A mobile reservoir of blood may help to dissipate

the thermal gradients which Linthicum and Carey show to arise from unequal

cooling of the eye. Consistent with this hypothesis is the fact that the vital struc-

tures of swordfish and gempylid eyes are blanketed by a thick layer of fat between

the choroid and sclera.

The venous outflow from the choriocapillaris returns through small vessels to

the venous capillaries of the rete mirabile proper. These empty without interven-

tion of venules, directly into the ophthalmic venous sinus (Fig. 4). The ophthalmic
vein drains the venous sinus and emerges through the sclera close to the optic

nerve and separately from the ophthalmic artery.

TABLE IV

Dimensions of retia mirabilia
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A A

V V

FIGURE 5. Diagram showing two ways in which arterial capillaries (stippled)

and venous capillaries (white) may be arranged in a rete mirahile.

countered. \Ye have not done serial sections, and cannot say whether these pack-

ing-patterns persist unchanged along the length of the rete.

An important aspect of retial structure, which must he taken into account in

formulating any theory of the action of the counter-current system is that the

choroid rete is not uniform along the length of the capillaries. In longitudinal
sections of the rete of all fish, but particularly conspicuous in the rete of larger

fish such as tuna or opah (lampridae, Lainpris rcghis), the rete is seen clearly to

he differentiated into proximal and distal portions of differing structure, with a

sharp line of demarcation between them. This suggests that oxygen transfer by
the choroid rete may be a two-stage process. The way in which the structures of

the two parts of the rete differ is not easily resolved at the light microscope level.

A study of the fine structure of the retial capillaries has been initiated in the labora-

tory of Copeland (e.g., Wolley and Copeland, 1970) and we await their resolution

of this problem.
Wenext describe the choroid rete mirabile of Ainia. The appearance of this

rete, viewed from inside the orbit, is portrayed in Figure 6. The sclera, covering
membranes and the ophthalmic venous sinus have been dissected away. As in

teleosts, the ophthalmic artery divides into two main branches, which arborize over

the surface of the rete. The elegant and ordered symmetry of the teleost rete is

lacking, and. in contrast to the teleost pattern, the retial capillaries arise from stubby
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branches of the larger arteries (Fig. 6). Aside from these minor differences, we
find no essential difference between the choroid retia mirabilia of Amia and of

teleosts.

D. W. Fawcett, Harvard Medical School (personal communication) has made
electron micrographs of the choroid rete of Amia. His drawings, based on these

micrographs (Fig. 7), contrast the structure of the capillaries of the choroid rete of

Amia with those of the swimbladder rete of the toadfish, Opsanus tan. (Fange
and Wittenberg, 1958, describe the swimbladder of the toadfish.) He finds the

choroid rete to differ from that of the toadfish swimbladder rete in several respects.

( 1 ) The venous channels are not discrete, straight vessels parallel to the arterial

capillaries, but appear to form a labyrinthine system of sinusoidal vessels which
often seem to surround the arterial capillaries. Wolley and Copeland (1970) find

that venous channels in the teleost rete may also coalesce. (2) The differences in

thickness of the walls of the two classes of vessels is very slight in striking contrast

to the swimbladder rete. (3) The endothelial cell junctions which are simple in

the swimbladder and show prominent desmosomes, are more imbricated and inter-

Ophthalmic artery

Optic nerve

Choroid rete mirabile

Branch of

Ophthalmic artery

Choroid rete mirabile

Arterial

vessel supplying

Choriocapillaris

FIGURE 6. Choroid rete mirabile of the eye of Amia. Right eye viewed from inside the

orbit. Only arterial structures are shown. The insert shows the arterial capillaries of the

choroid rete at greater magnification.
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digitated in the choroid rete and have no desmosomes. (In this respect they re-

semble mammalian capillaries more than do the toadfish capillaries.) (4) A
participate component of the plasma is rather consistently about five-fold more

concentrated in the venous than in the arterial vessels.

It is of interest to compare the choroid and swimbladder retia mirabilia. The

general features of the choroid rete of teleosts and of Amia are similar to those of

the swimbladder rete mirabile but differences are noted: (1) The composition of

the blood reaching the two retia may differ (Wittenberg and Haedrich, 1974)

since blood comes to the choroid rete via the pseudobranch and to the swimbladder

FIGURE 7. Diagrammatic cross-sections of the choroid rete of Amia. above, and the

swimbladder rete of the toadfish, opposite ;
drawn from electron micrographs by Dr. Don W.

Fawcett.
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FIGURE 7. (Continued)

rete from the general circulation. (2) The difference in thickness of the walls of

arterial and venous capillaries is very slight in the choroid rete of Ainia. In con-

trast the arterial capillaries of the swimbladder rete are distinguished from those of

the venous capillaries in that they are exceptionally thick and their cytoplasm con-

tains a great ahundance of smooth-surfaced vesicles (Fawcett and Wittenberg,

1959; Dorn, 1961; Fahlen, 1967; Jasiriski and Kilarski, 1971). This points to

some intracellular process more developed in the swimbladder than in the choroid

rete. (3) The capillaries of the choroid rete are sharply differentiated into proximal
and distal portions of differing structure ; the capillaries of the swimhladder rete

appear the same throughout. Although it is reasonable to consider that the general

pattern of the physico-chemical mechanism by which large oxygen pressures are

established is the same in the choroid and swimhladder retia, the structural differ-

ences are sufficient to suggest substantial differences in detail.

Krogh, in his celebrated book The Anatomy and PJivsioloyv of the Capillaries

(1922), reports quantitative measurements of the capillaries of the rete mirabile

of the swimbladder of an eel, and makes a plea that others should take up the study
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of quantitative anatomy. We begin by estimating the distance that oxygen must
diffuse to supply the retina. If in fact the function of the system comprised by the

choroid rete mirabile, the choriocapillaris and the pigment cell layer of the retina

is to supply the retina with oxygen, we may enquire whether there is any unusual

impediment to be overcome in the flow of oxygen from the capillaries of the

choriocapillaris to the sites of oxygen consumption. The mitochondria of the photo-

receptor cells are for the most part aggregated into a special structure, the spheroid,

lying between the photoreceptive rod and cone outer segments and the respective
cell soma. The distance from the inner surface of the choriocapillaris to the spheroid
was measured in 26 representative species including carp, trout and 24 species of

marine teleosts. The average distance from the inner surface of the choriocapillaris
to the spheroid is 106 micrometers (range 78 to 170 micrometers). Although many
teleosts have blood vessels (the retinal vessels) displayed on the inner surface of

the retina, many do not, and all of the cells of the retina of these latter must depend
on the choriocapillaris for their supply of oxygen. The average retinal thickness

for the same sample was 360 micrometers (range 240 to 550 micrometers). These

distances, across which diffusion must occur in the fish retina, are large. Compare
for instance red muscle in which the diffusion path, one half the intercapillary dis-

tance, does not exceed 20 micrometers (Wittenberg, 1970). On the other hand,

the distance which oxygen must diffuse in the primate retina is larger than in many
other tissues. The retinal circulation of the primate penetrates from the inner face

of the retina only as far as the outer plexiform layer ; the layers corresponding to

the photoreceptors are avascular and must depend for their oxygen on diffusion

from the retinal and choroidal circulations (Polyak, 1957) ;
the diffusion path may

be of the order of 60 micrometers (Polyak, 1941 ). Wenote that the diffusion path
in the fish retina is very long indeed and exceeds by more than six fold the diffusion

path in the primate retina.

In Table IV we compare the dimensions of two swimbladder retia and two

choroid retia supplying blood to capillary beds of about the same area. The task

of the swimbladder rete is to maintain a volume of gas in the lumen in the face of

the ambient pressure. The capillaries are of about the same length in two shallow-

living species, bluefish and conger, whose patterns of gas secretion are quite different

(Wittenberg, Schwend and Wittenberg, 1964; Fange and Wittenberg, 1958).

Marshall (I960), who has studied the swimbladders of deep sea fishes, notes that

the length of the capillaries of the swimbladder rete increases with the depth at

which the fish lives ; the capillaries in abyssal fish may be 2.5 cm long ; while the

number of capillaries is proportional to the size of the fish. Following Marshall,

we consider the eel, Table IV, as an example of a deep sea fish, albeit captured from

shallow water. The retial capillaries are long, but the number of capillaries, and

by that token, the cross-section area of the rete are not great.

The teleost retina consumes oxygen vigorously (Hoffert and Fromm. 1972),

and the question arises how the choroid rete is adapted to meet this demand. A
measure of the demand is given by the data of Hoffert (private communication)

who finds that the retina of trout eyes (fish weight 98 gram, 15 C) consume 40.8

//liter C>2 per hour per eye, which is equivalent to 9.02 //.liter Oi> per hour per cm2

retinal area. From the data in Table IV we estimate that each cm2 of retina

is served by approximately 16-25 million arterial capillaries of the choroid rete.
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The capillaries of the choroid rete are relatively short
;

the average length in teleosts

is 0.14 cm (range of 86 teleosts, 0.052 to 0.18 cm; standard deviation 0.42). Al-

though the fish in our sample weighed from a few grams to over 200 kilograms,
the length of the capillaries was remarkably similar in all, and capillary length
showed no correlation with body size. The average length of the capillaries of

the rete of Ainia was 0.21 cm. Dissection of the eyes of many species reveals that

the increased demand accompanying larger size is met by a proliferation of a large
number of short capillaries, so that the choroid rete mirabile in very large fish be-

comes a veritable sheet of tissue with capillaries arrayed normal to the plane of

the sheet. This is exemplified by data on the tuna eye, Table IV , in which the

rete contains 7.94 million arterial and 8.14 million venous capillaries, sixteen million

in all, arrayed in parallel and each only 0.18 cm long. Their aggregate length is

2900 meters, and, as Krogh (1922) points out, this arrangement allows a very

large surface for the exchange of substances to be provided within a small volume.

We conclude that the choroid rete mirabile is adapted to deliver a large flow

of oxygen to the retina at the relatively low pressure required to overcome the

barrier imposed by the long diffusion path in the retina.

Weturn to a discussion of the role which movements of water may play in the

physiology of the choroid and swimbladder retia. Electron micrographs of the

choroid rete of Anna calva, mentioned above, and also of the swimbladder rete of

Ofisanus tan. reveal significant differences in the concentration of the plasma in the

lumen of the arterial and venous capillaries, suggesting that there may be a con-

siderable flux of water from one set of capillaries to the other. The direction of

these fluxes is not established by the electron micrographs because we do not know
from where in the rete the samples were taken. We now enquire whether sub-

stantial movements of water between the two classes of vessels of the rete mirabile

may not be a part of the normal operation of the counter-current system secreting

oxygen, in this instance into the swimbladder of the eel. Atn/itilla Titli/aris.

Data bearing on this point are available from the elegant experiments of Steen

(1963), who analyzed blood drawn from each of the blood vessels of the gas-

secreting complex of the eel swimbladder during states of sustained oxygen secre-

tion. The vessels from which blood was drawn are indicated as A, B, C and 1)

in Figure 1. We focus attention on lactic acid. During gas secretion, aerobic

glycolysis by the cells of the gas gland generates lactic acid which enters the blood

flowing from points R to C. This is at once apparent from inspection of Steen's

data, since the concentration of lactic acid is, in every experiment, much greater
in blood leaving the gland at C than in blood entering at B. Steen, in interpreting
his data, tacitly assumes that water neither enters nor leaves the capillaries of the

rete. On that basis material balance of lactic acid is not achieved. The difference

in concentration between the inflowing and outflowing blood (d,-C A ) does not

equal the difference across the gas gland, nor is the apparent loss of lactic acid in

the venous capillary matched by an equivalent gain in the arterial vessels. This

is not satisfactory. On the other hand, an internally consistent interpretation of

the data emerges if we assume that: (1) Water may move between the two classes

of capillary in the rete. (2) The sustained state of oxygen secretion studied by
Steen was in fact a steady state. And, (3) lactic acid is not destroyed in the rete.

The magnitude and direction of the water fluxes may be deduced.
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All calculations are per unit time. Consider a unit volume of blood, V, entering
the complex at A and containing X millimoles of lactic acid. The concentration of

lactic acid at A, CA ,
will be :

I CA =
f (1)

Consider that an amount of lactic acid, Y, passes between the arterial and venous

capillaries. Considered also that a volume of water, AV, moves between the arterial

and venous capillaries. The concentration of lactic acid at B, Cu, will be :

There is no opportunity for water exchange in the capillaries of the gas gland.

\Ye note that an amount of lactic acid, Z. is added to the blood by glycolysis oc-

curring in the cells of the gas gland. The concentration of lactic acid at point C,

Cc, therefore will be :

X Y + Z
Cc = V- AV .

' (3)

Finally, since at steady state the volume of fluid leaving is equal to the volume

entering, we have for the concentration of lactic acid at D, CD :

CD = (4)

At steady state the amount of lactic acid added to the blood by the cells of the gas

gland, Z, is equal to the added lactic acid, Z, leaving the rete at point D. Com-

bining expressions 1 and 4, and 2 and 3. we have two expressions in Z, which do

not involve Y. Combining these, we express AY in terms of V and of the ex-

perimentally measured lactic acid concentrations :

Here AV/V is the fraction of the total blood flow which passes from arterial to

venous capillaries.

Weobtain two expressions for Y/Y, the amount of lactic acid moving between

the arterial and venous capillaries per unit blood flow, as a function of AV/V and
of the lactic acid concentrations at points A and R or at points C and D.

( 6 )

(7)

Stecn's data for the lactic acid concentrations in the vessels of the gas secreting

complex, together with the derived values AV/V, (Y/V) A .B and (Y/V) C,D are

presented in Table V. The agreement in the values of (Y/V) A ,B and (Y/V)c,D,

respectively lactic acid leaving the arterial and entering the venous capillaries,
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TABLE V

Calculated movement of water from arterial to venous capillaries of the eel swimbladder rete minibilc.

The concentrations of lactic acid in the blood drawn from the retial vessels are those determined

by Steen (1Q63). Blood vessels A, B, C, D are indicated in Figure 1.

Experiment
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SUMMARY

Very large pressures of oxygen are found in tin- vitreous humor close to the

retina of many teleosts and of the holostean, Ainia. Elevated pressures are not

found in species lacking a choroid rete mirabile. In species having choroid retia,

the observed oxygen pressure roughly parallels the extent to which the rete is

developed. On this evidence we suggest that the choroid rete mirabile, acting in

concert with the pigment cell layer of the retina, plays an essential part in establish-

ing the large oxygen pressure at the retina.

The choroid rete mirabile of the holostean. Aitiia cah'a. is essentially similar

to the teleost choroid rete, from which it differs only in details of structure.

The capillaries of the counter-current organ, the choroid rete, are short, com-

pared to the capillaries of the swimbladder rete, and are very nearly the same

length in all the fishes examined, independent of the size of the fish, which ranged
from tens of grams to hundreds of kilograms. The increased demand accompany-
ing larger size is met by increasing the number of capillaries. We conclude that

the structure of the choroid rete mirabile is adapted to supply a large flux of oxy-

gen toward the retina at a relatively low pressure.
The general features of the structure of the choroid rete mirabile are largely

similar to those of the swimbladder rete mirabile, but the two retia differ sufficiently

to suggest that the physico-chemical mechanisms by which they build up large

oxygen pressures may also differ in detail.

It is suggested that movements of water between inflowing and outflowing

capillaries of the rete mirabile may play an important role in the mechanism by
which oxygen is secreted into the eye and into the swimbladder.
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